A B S T R A C T We have studied the interaction between virulent egg yolk-grown Legionella pneumophila Philadelphia 1 and human blood monocytes in vitro. The leukocytes were cultured in antibiotic-free tissue culture medium supplemented with 15% autologous human serum.
INTRODUCTION
Legionnaires' disease entered our lexicon when it struck 221 people, mostly American Legionnaires, and claimed 34 lives in Philadelphia in July 1976 (1, 2) . Since then, we have learned that the disease is newly recognized but not new (3, 4) , and that it occurs worldwide in epidemic and endemic forms (4) (5) (6) (7) (8) . It is apparently a major cause of pneumonia in the United States (9, 10) and responsible for a substantial proportion of fatal nosocomial pneumonia (11, 12) . It affects all age groups, but particularly people over 30 yr, and men more often than women (8, 13) . It has a predilection for people who smoke or abuse alcohol, travellers, construction workers, and immunocompromised patients (6, 10, (14) (15) (16) , and it is probably spread by the airborne route (10) . The case-fatality rate has been in the 15-20% range (10, 17) .
The causative agent of Legionnaires' disease, Legionella pneumophila is an aerobic gram-negative bacterium with fastidious growth requirements. It was originally isolated in guinea pigs and embryonated hens' eggs by a procedure designed for the isolation of rickettsia (2) but it can now be grown on synthetic culture media (18) .
Although much has been learned about the epidemiology and clinical features of Legionnaires' disease and the properties of the causative agent, the immunobiology of the disease and the roles of cellular and humoral immunity remain poorly understood. Central to an understanding of these immunological issues is the categorization of the Legionnaires' bacillus as an intracellular or extracellular parasite.
Certain features of Legionnaires' disease suggested to us that L. pneumophila might be a facultative intracellular pathogen. First, in lung specimens from patients with Legionnaires' disease, clusters of bacteria have been observed in alveolar macrophages (19, 20) . Similar findings have been reported in the lungs ofexperimentally infected guinea pigs (21) . From these observations, however, it cannot be determined whether the bacteria multiplied intracellularly or were phagocytosed after extracellular multiplication. Secondly, L. pneumophila was originally isolated by procedures designed for the isolation of rickettsia, which are obligate intracellular parasites. Growth on synthetic medium is fastidious.
We have examined the interaction of virulent egg yolk-grown L. pneumophila Philadelphia 1 and human blood monocytes in vitro under antibiotic-free conditions. We used egg yolk-grown organisms because of the evidence that agar-adapted bacteria lose their virulence for chicken embryos and guinea pigs (22) . In this paper, we shall present our evidence that L. pneumophila multiplies intracellularly in human blood monocytes and thus should be categorized as a facultative intracellular parasite. (23) ; 100 ml of EYB with 1% bovine serum albumin contained 0.3 ml of a 35% solution of bovine serum albumin (Miles Laboratories, Inc., Elkhart, Ind.). No antibiotics were used in any medium in any of the experiments.
METHODS
Serum. Venous blood was clotted in siliconized glass test tubes, stored for 1 h at room temperature and an additional 1 h at 4°C, and the normal serum separated and stored at -700C until use as described (24) . Autologous serum was used in all experiments. The serum was negative for anti-L. pneumophila antibody by the indirect immunofluorescence test (25) .
'Abbreviations used in this paper: CFU, colony-forming units; CYE, modified charcoal yeast extract agar; EYB, egg yolk buffer.
Culture of L. pneumophila in embryonated hens' eggs.
L. pneumophila from a single batch of eggs were used in all the experiments in this study. 6-d-old embryonated hens' eggs from chickens fed an antibiotic-free diet were injected with 0.4 ml of a 10-3 dilution in EYB of a 0.2% homogenate of spleen from a guinea pig that had died after intraperitoneal inoculation with L. pneumophila Philadelphia 1; the 0.2% splenic homogenate was obtained from the Center for Disease Control. Infected yolk sacs from embryos dying 4-8 d after infection were harvested as described (26) , homogenized in 10 ml of EYB, flash-frozen in an alcohol/dry ice bath, and stored in 1-ml aliquots at -70°C. Cultures from each egg were tested for viability by culture on complete charcoal-yeast extract agar, and for the presence of contaminants by culture on CYE agar without cysteine, tryptic soy broth agar, and 5% sheep blood tryptic soy broth agars, none of which support the growth of L. pneumophila; all cultures were positive only on complete charcoal-yeast extract agar. Cultures from each egg were also treated for L. pneumophila by the direct fluorescent antibody assay (27) and by staining by the Gimenez method (26) . After quick-thawing, these chicken embryo cultures contained 5-10 x 106 colony-forming units (CFU)/ml on modified charcoal-yeast extract agar.
Partial purification of chicken embryo cultures of L. pneumophila by differential centrifugation. 1-ml aliquots of chicken embryo cultures were quick-thawed, diluted in 10 ml EYB, and centrifuged at 45 g for 10 min at 4°C; the large debris was pelleted but L. pneumophila and egg yolk lipid remained in the supemate under these conditions. L. pneumophila were pelleted by centrifugation of the supernate at 1,800 g for 20 min at 4°C; most of the lipid remained with the supernate. The bacteria were washed twice more in RPMI by centrifugation at 1,800 g for 20 min at 4°C. These partially purified L. pneumophila were used in all experiments.
Modified charcoal-yeast extract agar (CYE). CYE agar in 100 x 15 mm bacteriologic petri dishes was prepared as described (18) cells) consisted of that fraction of the mononuclear cells that adhered to the petri dish during this incubation and remained adherent after the supernate was removed and the petri dish was vigorously washed in RPMI (37°C). The nonadherent subpopulation (2.2 x 106 cells) consisted of that fraction of the same mononuclear cell population that did not adhere to petri dishes after three successive 1-h incubations (including the one used to select the adherent fraction) at 37°C in 5% C02-95% air. The number of adherent cells on each petri dish was determined by counting the number of cells within a calibrated area using an inverted phase contrast microscope. Cell counts from different sections of each petri dish were averaged.
Infection of mononuclear cells in suspension. In experiments in which monocytes were plated after infection ( Fig.  IB, 2 ), L. pneumophila (-4 x 107 CFU) were mixed with 2 x 107 mononuclear cells (containing -8 x 106 monocytes for a CFU:monocyte ratio of 5:1) in 2 ml RPMI and 15% serum in 17 x 100 mm plastic tubes (2057, Falcon Labware); the tubes were gased with 5% C02-95% air mixture, sealed with Parafilm (American Can Co., Greenwich, Conn.), and shaken at 37°C for 30 min on a gyratory shaker at 200 rpm. 100 ,1. of this suspension was plated on 13 mm Diam glass coverslips for 1 h at 370C in 5% C02-95% air; during this incubation, the monocytes adhered to and spread out on the coverslips. The coverslips (two or three per 35-mm petri dish) were then washed with RPMI (22°C) to remove nonadherent bacteria and leukocytes and the infected monolayers were incubated in 2 ml RPMI and 15% serum at 370C in 5% C02-95% air.
In experiments in which monocytes were maintained in 17 x 100-mm plastic tubes after infection, various numbers of L. pneumophila and mononuclear cells at the concentrations indicated were incubated together for 1 h under the same conditions as above. Afterward, the Parafilm was removed and the loosely capped tubes were held at 370C in 5% C02-95% air under stationary conditions. Culture of L. pneumophila and mononuclear cells in parabiotic chambers. Six Karush-type parabiotic chambers (Bellco Glass, Inc., Vineland, N. J.) with 0.05-or 0.1-ym Nuclepore filters separating the two compartments of each chamber (Nuclepore Corp., Pleasanton, Calif.) were mounted on Bellco 3-set chamber holders. The junction of each chamber was sealed with a water-insoluble silicone lubricant (high vacuum grease, Dow Coming Corp., Midland, Mich.) and the opening to each compartment of each chamber was capped with sterile Swinnex 13-mm millipore filter holders (Millipore Corp., Bedford, Mass.) packed with cotton. The entire apparatus was sterilized by autoclaving, after which the junction connecting the two compartments of each chamber was wrapped with Parafilm as an additional precaution against leakage. 1.5 x 106 mononuclear cells in RPMI were placed in one compartment of each of the six chambers; 3 x 104 L. pneumophila in RPMI were placed in the compartment on the same side of the filter as the mononuclear cells in three chambers and in the compartment on the opposite side of the filter from the mononuclear cells in the other three chambers. Both compartments of each chamber were brought to a final vol of 1.2 ml and a final serum concentration of 15% with RPMI and serum.
To promote rapid passage of molecules from the compartment on one side of the filter to the compartment on the other side of the filter, the mounted chambers were attached to a Nutator (Clay-Adams Div.) and rotated continuously for the duration of the experiment. The entire apparatus was placed in a 37°C incubator with a 5% C02-95% air atmosphere. CFU in both compartments of each chamber were determined daily; these culture determinations showed that L. pneumophila did not cross the filter from one side of the chamber to the other. At the end of each experiment, patency of the six filters to small molecules and fluid was confirmed by placing colored dye in the compartment on one side of each chamber and observing its rapid appearance in the compartment on the other side.
Sonication of mononuclear cells and L. pneumophila. Leukocytes and/or L. pneumophila in tubes (held in an ice-water bath) were sonicated with a micro tip, and infected monocyte monolayers in petri dishes were sonicated with a 2.54 cm Diam high gain disrupter horn, attached to a sonicator (Heat Systems-Ultrasonics, Inc., Plainview, N. Y. (23) , and examined with a Zeiss fluorescent photomicroscope III (Carl Zeiss, Inc., New York).
Electron microscopy studies. Monocyte monolayer cultures were prepared by incubating 7 x 106 mononuclear cells for 1 h in 2 ml RPMI and 15% serum in 35-mm plastic petri dishes at 37°C in 5% C02-95% air, washing away nonadherent leukocytes, and incubating the adherent cells for an additional 24 h in RPMI and 15% serum. The cultures were washed with RPMI to remove nonadherent cells, and the adherent cells were infected by incubating them for 1 h at 37°C with 7 x 106 CFU L. pneumophila in 2 ml RPMI and 15% serum without shaking. The CFU:monocyte ratio was about 5:1 at this time. The monolayers were then washed with RPMI to remove noncell-associated bacteria, and incubated at 37°C in 2 ml RPMI and 15% serum. At daily intervals, the infected monolayers were fixed for electron microscopy with a solution consisting of 1% OSO4 (two parts) and 2.5% glutaraldehyde (one part) in 0.1 M cacodylate buffer, pH 7.4, stained with 0.25% uranyl acetate in 0.1 M sodium acetate buffer, pH 6.3, dehydrated with ethanol, released from the surface of the petri dishes with propylene oxide, and embedded in Epon (Shell Chemical Co., Houston, Tex.) as described (29) . The sections were stained with lead citrate (30) 
RESULTS
L. pneumophila multiplies in the presence of monocytes. We incubated L. pneumophila with monocytes in monolayer culture and washed away noncelladherent bacteria, as described in Fig. 1 . We then followed the course ofthe interaction between bacteria FIGURE 1 Course ofL. pneumophila infection of monocytes as visualized by fluorescence microscopy. L. pneumophila were incubated with 24-h explanted monocytes on glass coverslips for 1 h at 37°C in 5% C02-95% air at a 5:1 ratio of CFU:monocytes and nonadherent bacteria were washed away. The monocytes were fixed, incubated with fluoresceinconjugated rabbit anti-L. pneumophila antibody, and examined by fluorescence microscopy immediately after the infection (A) and 4 d later at the peak of the infection (B). x1200.
and monocytes by fluorescence microscopy and, in parallel cultures, by disrupting and assaying the cultures for CFU of L. pneumophila.
Few (<5%) of the monocytes examined immediately after infection had bound or ingested L. pneumophila, and these monocytes usually had only one cell-associated bacterium (Fig. 1A) . Over the next few days, CFU of L. pneumophila increased [4] [5] logs, and by fluorescence microscopy, the number of monocytes containing L. pneumophila increased in parallel with bacterial growth. At the peak of infection, monocytes appeared packed full with organisms (Fig. 1B) . Maximum growth of L. pneumophila coincided with destruction of the monocytes.
To infect a larger proportion of monocytes and thereby increase the synchrony of infection, we incubated L. pneumophila with mononuclear cells in suspension on a gyratory shaker. We then plated the infected monocytes on coverslips and washed away nonadherent bacteria and leukocytes. By fluorescence microscopy, nearly all the monocytes had cell-associated bacteria; on the average, they had 10 L. pneumophila/monocyte. In monocyte cultures infected in this way, CFU of L. pneumophila increased 3 log within 24-48 h (Fig. 2) . The maximal log phase doubling time of L. pneumophila in monocytes infected in suspension was 114 min (Fig. 2) , a rate of growth that is twice as fast as that reported in specialized media used to grow this fastidious organism (31, 32) .
Control experiments showed that in the absence of cells, L. pneumophila did not multiply in RPMI alone, in RPMI containing 15% fresh human serum, or in RPMI conditioned for 4 (Fig. 3) . It grew comparably in the total mononuclear cell population and the adherent (monocyte enriched) fraction of that population, but did not grow in the nonadherent (lympho- L. pneumophila growth is proportional to the number of monocytes in the culture. The results of the experiment described in Fig. 3 suggested that the yield of L. pneumophila was proportional to the number of mononuclear cells in the culture. To investigate this further, we varied the number of mononuclear cells and the number of L. pneumophila independently of each other. Peak growth of L. pneumophila was independent of the number of bacteria used to initiate the infection (Fig. 4A) but was proportional to the concentration of mononuclear cells in the culture (Fig. 4B) . Since monocytes, but not lymphocytes, support the growth of L. pneumophila (Fig. 3) , these findings show that growth of this bacterium is proportional to the number ofmonocytes in the culture.
In experiments where L. pneumophila were maintained with infected mononuclear cells after infection (Figs. 4-6 Days after infection FIGURE 5 L. pneumophila multiplies only in the presence of intact leukocytes. L. pneumophila (-6 x 104 CFU) were added to tubes containing 2 ml RPMI, 15% serum, and (a) 3
x 100 intact mononuclear cells; (b) 3 x 106 sonicated mononuclear cells; or (c) 3 x 106 sonicated and 3 x 106 intact mononuclear cells. The cultures were incubated at 370C in 5% C02-95% air on a gyratory shaker for 1 h and thereafter under stationary conditions until 4 d after the start of the experiment. At that time, 3 x 106 intact mononuclear cells were added to tubes that initially contained L. pneumophila and sonicated mononuclear cells. The cultures were shaken again for 1 h and then incubated again at 370C under stationary conditions. CFU were deterinined daily. Each point represents the average for three replicate tubes +SE. multiplication; this lag was not seen when similarly infected monocytes were plated and bacteria that were not adherent to monocytes were washed away, as in Fig. 2 . The probable reason for the lag was that, early after infection, a large number of nonmonocyte-adherent (and nonreplicating) bacteria were in the culture. These masked the contribution to total CFU of the relatively small number of L. pneumophila that had infected monocytes but had not yet multiplied to a high level.
L. pneumophila multiplies only in the presence of intact monocytes. To determine whether L. pneumophila requires intact viable monocytes for growth, we incubated the bacteria with intact mononuclear cells and/or an equivalent number of sonically disrupted mononuclear cells. L. pneumophila multiplied only in cultures containing intact mononuclear cells (Fig. 5) Days after infection FIGuRE 7 L. pneumophila multiplies only when in direct contact with monocytes. The two compartments of each of six parabiotic chambers were separated by 0.05-,um Nuclepore filters, as described in Methods. Mononuclear cells (1.5 x 106) were placed in one compartment of each of the six chambers. L. pneumophila (3 x 104) were placed in the same compartment as the mononuclear cells in three chambers and in the compartment on the opposite side of the filter from the mononuclear cells in the other three chambers. Both compartments of each parabiotic chamber contained a total volume of 1.2 ml RPMI and 15% serum. The chambers were rotated continuously at 37°C in 5% C02-95% air. CFU were determined daily. Each point represents the average for three chambers +SE.
posite side of the filter from the mononuclear cells in the other three chambers.
L. pneumophila multiplied only when placed on the same side of the filter as the mononuclear cells (Fig. 7) , i.e., L. pneumophila multiplied only when in direct contact with intact mononuclear cells.
L. pneumophila multiplies within membrane-bound cytoplasmic vacuoles studded with structures resembling host cell ribosomes. We examined monocytes infected in a monolayer culture by electron microscopy. Immediately after infection, we observed no organisms in random ultrathin sections of adherent monocytes, but after 2 or 3 d, we observed monocytes that were full of bacteria (Fig. 8A) . The bacteria were found inside the monocytes and not on the surface.
All intracellular organisms were in membrane-bound cytoplasmic vacuoles. In some monocytes, most of the vacuoles contained one or two bacteria (Fig. 8B) . In other monocytes, a single large vacuole contained numerous L. pneumophila (as many as 100 in one section). The membranes of vacuoles containing one bacterium were sometimes closely apposed to the surface of the bacteria. The plasma and outer membranes of these bacteria stained less intensely than the vacuolar membrane, and could be distinguished from it (Fig. 8B) . Some bacteria appeared fixed in the process of dividing.
Strikingly, the cytoplasmic sides of the membranebound vacuoles surrounding the L. pneumophila were studded with structures resembling monocyte ribosomes (Fig. 8B) cytoplasm of infected MRC-5 cells by transmission electron microscopy. Kishimoto et al. (34) have reported that cynolmolgus monkey alveolar macrophages infected in vitro with agar-adapted L. pneumophila contain few organisms at 3 h but are packed full with organisms at 24 h after infection; their electron micrographs of heavily infected monkey alveolar macrophages bear a striking resemblance to our micrographs of heavily infected human monocytes.
We have no direct information regarding the mechanism of entry of L. pneumophila into the monocyte's cytoplasm. It seems likely that the bacteria are phagocytosed. After gaining entry, L. pneumophila resists monocyte microbicidal systems by as yet unknown mechanisms. Other intracellular parasites resist these systems by a variety of strategies. M. tuberculosis (35, 36) and Toxoplasma gondii (37) among others (38) interfere with host phagosomelysosome fusion. Mycobacterium lepraemurium (39) , M. tuberculosis (40) , Leishmania mexicana (41) , and Leishmania donovani (42) are able to thrive within the normally inhospitable milieu of the phagolysosome. Whether phagosomes containing L. pneumophila fuse with monocyte lysosomes is also unknown.
L. pneumophila that have multiplied within human monocytes are found in membrane-bound cytoplasmic vacuoles. A remarkable feature of these vacuoles is that they are studded with structures resembling host cell ribosomes. This morphologic feature has also been noted on electron microscopic examination of leukocytes in human lung tissue specimens from patients with Legionnaires' disease (43) . L. pneumophila is evidently unique among bacterial pathogens in promoting the formation of these vacuoles. The origin of these vacuoles and their role in L. pneumophila growth remain to be elucidated.
The roles of humoral and cellular immunity in host defense against L. pneumophila also remain to be determined. We have found that egg yolk-grown L. pneumophila are resistant to killing by complement even in the presence of anti-L. pneumophila antibody and are inefficiently killed by human polymorphonuclear leukocytes in the presence of anti-L. pneumophila antibody and serum. These results, viewed in conjunction with the increased incidence of L. pneumophila infections in immunosuppressed patients (14) (15) (16) , suggest that cell-mediated immunity may play an important role in host defense against L. pneumophila as it does against other intracellular parasites.
Lymphokines produced by sensitized lymphocytes have been shown to confer on animal macrophages or human monocytes enhanced ability to resist or kill M. tuberculosis (44, 45) , L. monocytogenes (46) (47) (48) (49) , Leishmania enrietti (50) , T. gondii (51) (52) (53) (54) (55) (56) , and Trypanosoma cruzi (57, 58) . Lymphokine-activated macrophages may play a similar role in eradicating L. pneumophila in vivo.
